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Abstract

The ‘Smart Manufacturing’ applied to steelmaking includes a continuous condition monitoring of the mill 

system, performed by bearings equipped with sensors. They are embedded inside the mill cage, and exposed 

to heat sources. Monitoring their temperature is mandatory. Fibre optics sensors can be exploited. Their 

behaviour is here modelled, and then tested on some prototypes. The fibre optics technology looks suitable 

for this application, provided that a precise sensor calibration is performed. A technological assessment is 

required, to develop the industrial product.

Keywords

Systems engineering, Structural Health Monitoring (SHM), Structural Mechatronics, Smart Bearing, Smart 

Manufacturing.

1. Introduction

The implementation of ‘Smart Manufacturing’ [1] in steelmaking is aimed to perform the rolling mill 

prognosis and diagnosis, to prevent critical failures and undesired marks on the rolled product [2]. The ‘smart 

bearing’, equipped with sensors, is used like a sentry of mill operation [3]. The so–called ‘in–monitoring’ 

identifies the bearing damage and wear, while the ‘out-monitoring’ monitors the mill operation. The 

monitoring activity includes many measurement targets as vibration, load, temperature, and strip or rod speed. 

Page 2 of 35

URL: http://mc.manuscriptcentral.com/umcm E-mail:  jnjournals@gmail.com

Mechanics of Advanced Materials and Structures

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:eugenio.brusa@polito.it
mailto:matteo.dallavedova@polito.it
mailto:paolo.maggiore@polito.it


For Peer Review Only

2

The temperature is a crucial parameter, since bearings are embedded inside the mill cage, and are exposed to 

a severe heating, which affects the stress distribution, as in many industrial rotors [4]. The thermal control 

based on distributed sensors assures an effective lubrication, and preserves the bearing life. Capacitive MEMS 

sensors embedded in the bearing ring do not look compatible with these working conditions [5], because 

power feeding and communication are inhibited by some saddles (Fig.1).

FIGURE 1

The current research activity aims to design miniaturized and autonomous bearing sensors [6]. Fibre optics 

sensors are therefore candidate [7]. The presence of a massive pin inside the mill cage allows embedding the 

fibres, and thus the need for wireless sensors and autonomy vanishes, because the FBG sensors are intrinsically 

powered by the light source. The safety against fire and the EMC are assured, since fibres optics are shielded, 

based on the light detection, and electrically isolated. They provide a high bandwidth, high signal to noise 

ratio, multiple sensors per fibre, at a competitive cost [8]. The above mentioned needs motivates the study of 

optical Fibres with Bragg Grating (FBG), to design some bearing sensors to detect the temperature of rings 

[9]. This solution is here investigated and tested, through an experimental characterization of sensors.

2. Requirements and technology

The Fibre Bragg Grating Sensors (FBGS) are applied to the thermal monitoring of the mill cage. They must 

be embedded inside the central pin, and exposed to air, lubricant or water. The goal is measuring the 

temperature of inner ring, which is fixed, while the outer ring rotates. Measurements must be stable in time, 

reliable in terms of precision, repeatability, statistic relevance and sensitivity. The temperature of lubricant 

inside the roller bearing must not exceed 120°C, and a warning must be sent, when it reaches 70°C. The 

preferred measurement resolution is 0.5°C, although 1°C is accepted.

The Bragg grating is a finite region of the fibre optics, in which a periodic variation of the core refractive 

index is applied [10]. This variation acts as a selective mirror, which stops the transmission of light, at a 

specific wavelength [11]. The light is reflected, and propagates backwards to the source, within the fibre core. 

A spectrum analyser detects the light, as an interferometric system. The FBGS provide several advantages, 
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although some limitations are still present. They exhibit a very high resistance against corrosion. The signal 

is independent on the distance and on the intensity of light. Each fibre includes several sensors, from ten to 

one hundred, which are operated in parallel, and thus it is compact and allows a redundancy. The FBGS gain 

700°C, because of their coating layers. The cost of interrogators is still high, but it looks compatible with that 

of the rolling mill. The sensor calibration is rather difficult, the radii of curvature of installed optical fibres are 

usually greater than 10 mm, and the sensitivity of sensors is small (Kε = 1÷1.3 nm mm/m).

3. Sensor development

The size of roller bearings for the mill cage allows creating a dedicated pit within the inner ring, where the 

fibre is deposed and fixed, to measure the local temperature. The wavelength reflected by the Bragg grating, 

λB, complies with so-called Bragg condition:

λ𝐵 =  2𝑛𝑒𝑓𝑓Λ (1)

where Λ is the grating pitch, i.e. the distance between grating targets, and neff is the effective refractive index 

of the propagation mode. It is similar to the refractive index, but it is evaluated for the wave propagating inside 

transversely limited media, as [10]:

𝑛𝑒𝑓𝑓𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 + (1.1428 ―
0.996

𝑣 )
2

∆𝑛 (2)

where Δn = ncore−ncladding, and ν is a function of Δn and of the wavelength λ of light. Several agents applied to 

the sensor, as strain, temperature and pressure, change B, and their effect is related to the peek shift in the 

sensor response spectrum. A typical FBGS has a length of a few millimetres, a reflected bandwidth lower than 

1nm and might achieve the 100% reflection of the peak luminous intensity [12]. When the FBGS undergoes 

only a temperature change ΔT, the related wavelength shift ΔT can be expressed as [1]:

∆λ𝑇 = λ𝐵(𝛼0 + 𝛽0)Δ𝑇 = 𝐾𝑇Δ𝑇 (3)

where α0 is the thermal expansion coefficient of the fibre, β0 is the thermo-optic coefficient and KT is referred 

to as temperature sensitivity coefficient. Typical values for silica optical fibres are α0 = 0.55·10−6 (◦C)−1 and 

β0 = 6.6·10−6 (◦C)−1. The linear relation of Eq.(3) is only valid within a certain range of temperature (T< 

100◦C), while for higher temperatures a nonlinear formulation must be used [13]:

Page 4 of 35

URL: http://mc.manuscriptcentral.com/umcm E-mail:  jnjournals@gmail.com

Mechanics of Advanced Materials and Structures

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

4

β0 =
1
𝑛0

𝑑𝑛𝑒𝑓𝑓

𝑑𝑇 = 5.327·10 ―6 +  9.546·10 ―9 T ― 4.173·10 ―12T2 (4)

Some experimental tests demonstrate Eq.(4) underestimates the real coefficients [14-15]. It is relevant that neff 

changes significantly with the fibre characteristics, even when changes are very small. This is a critical issue 

for the design, and needs to be precisely characterized.

4. Experimental set-up

To identify the temperature sensitivity coefficients, KT, some prototypes of FBGS (properties in Table 1) were 

set up in a test bench including a resistance thermometer PT-100 (properties in Table 2) and a Peltier cell 

controlled by a Thermo-Electric Controller Meerstetter TEC-1091. The Peltier cell simulates the heating 

process in operation, by means of a PID (proportional–integral–derivative) controller regulating the intensity 

of feeding current.

TABLE 1

TABLE 2

The controller TEC–1091 calculates the Peltier command input u(t) as a function of the error e(t):

𝑢(𝑡) = 𝐾𝑃(𝑒(𝑡) +
1
𝑇𝑖∫

𝑡

0
𝑒(𝜏)𝑑𝜏 + 𝑇𝑑

𝑑𝑒(𝑡)
𝑑𝑡 ) (5)

where e(t) is the difference between the target temperature and that measured by the PT-100), Kp the 

proportional gain, Ti the integration time, Td the derivative time, being defined by the user. The characteristic 

time of evolution of thermal behaviour motivated the selection of parameters, with Td almost null, Kp set by 

the “Auto-Tuning” function available inside the TEC controller, with a mean value of Kp = 30% °C-1, and Ti 

= 30 s to 300 s, depending on the speed required to adjust the regulation. The interrogator Smart Scan 

Interrogator (Smart Fibers®) performs the measurement of wavelength changes, ΔλB, as temperature varies. 

It is able to handle four fibres simultaneously, each one with up to 16 FBG sensors installed, managed by the 

Wavelength Division Multiplexing Method.

To uniformly heat the FBGS, a first test bench, consisting of a pair of plates that lock a Peltier cell keeping it 

in contact with the optical sensor, was developed (Fig.2). 
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FIGURE 2

This system looks sensitive to slight changes of the tightening torque applied to bolts. The locking system 

does not allow the fibre expanding along its transversal direction, therefore an error might occur on the 

longitudinal strain, which causes a variation, ∆λε, being rather difficult to be measured. The fibres are bonded 

on the surface of support, through a silicon layer, sufficiently far to avoid any interference. The temperature 

sensed by the thermometer PT-100 and the output current of Peltier cell are both observed. The target 

temperature in this test bench is achieved fairly fast, but the electric current decreases, during the first ten 

minutes, and then it is stabilized (Fig.3).

FIGURE 3

A second layout was developed, to minimize the contact between the Peltier cell and the thermometer. In this 

layout the thermometer is submerged into water and placed near the fibre optic sensor. It can be noticed that 

in the real system submerging the fibre within the lubricant of bearings or into the water used to feed the water 

jets is possible. A more powerful Peltier cell was even used, with a larger heating surface (Table 3). 

Experiments performed with this second test bench show an improvement of the current fed by the TEC 

controller and of current absorption. 

TABLE 3

A new structure made by additive manufacturing in thermoplastic polymer, with a melting temperature of 

70÷75°C, was built up to suitably locate the FBGS inside water heated by the Peltier cell. The support is 

compliant and adaptable to the frame vibration. It applies even a slight damping on the fibre (Fig.4).

FIGURE 4

5. Experimental tests

To identify the temperature sensitivity coefficient of the FBGS with Polyimide coating, a first set of 

experimental tests was performed between 30°C and 60°C, to simulate the regular behaviour of rolling mill, 

and other tests were carried out at a higher temperature, close to the melting of the AM support. The TEC 

Software controlled the Peltier cell, with a temperature rate of 0.02°C/s, i.e. practically in steady state response. 
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Results are shown in Table 4. A set of ten temperature measurements was recorded by the PT-100, whose 

calibration was certified, and a linear regression was calculated by means of the Ordinary Least Squares 

Method:

{𝜆𝑖} = 𝐾𝑇{𝑇𝑖} + 𝑎 (6)

where a is the absolute wavelength of the linear regression for a temperature of T = 0°C .

TABLE 4

The coefficient of determination R2 that checks the model consistency with observed outcomes is found as:

𝑅2 =
∑𝑛

𝑖 = 1(𝜆𝑖 ― 𝜆)2

∑𝑛
𝑖 = 1(𝜆𝑖 ― 𝜆)2

(7)

where λi are the experimental data,  their mean value, and  values estimated by the linear regression. The 𝜆 𝜆𝑖

significance of the linear regression coefficients was evaluated as in case of experimental results affected by 

uncertainty, through the Monte Carlo method [16-17]. The absolute errors, represented by the standard 

deviation s of measured variables, were found:

𝑠[𝜆𝑖] = 8·10 ―4𝑛𝑚

𝑠[𝑇𝑖] = 10 ―2°𝐶
(8)

Exploiting those values, for each measurement series, some vectors of independent random data were created, 

i.e. the data were randomly picked inside the range of variation defined by the standard deviation of direct 

measures, and for every one the linear regression was calculated. The range of variation of coefficients KT and 

a was estimated by their standard deviation and rounded:

𝑠[𝐾𝑇] = 10 ―5𝑛𝑚/°𝐶

𝑠[𝑎] = 10 ―3𝑛𝑚
(9)

i.e. it is possible evaluating the temperature sensitivity coefficient, KT, with a precision of 4 digits, in nm/°C, 

and the constant a, of 2 digits. The relation between  and T looks appreciably linear, i.e. coefficient of 

determination is close to one, as in [18] (Fig.5). 

FIGURE 5
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The temperature sensitivity coefficient detected during tests looks coherent with the theoretical values found 

in the literature [12], [14], [19], [20]. The small variance of results demonstrates their accuracy, in case of 

unloaded fibre and free thermal expansion: 

𝐾𝑇 =
1
𝑁

10

∑
𝑖 = 1

𝐾𝑇𝑖 = 0.01232 𝑛𝑚/°𝐶

𝜎2
𝐾𝑇 =

1
𝑁

10

∑
𝑖 = 1

(𝐾𝑇𝑖 ― 𝐾𝑇)2 = 3.661·10 ―8(𝑛𝑚
°𝐶 )2

(10)

A good calibration allows keeping the error for the temperature sensitivity coefficient within 5%. The thermo-

optic coefficient of fibre was also calculated, starting from Eq.(3):

𝛽0𝑒𝑥𝑝 =
𝐾𝑇

𝜆𝐵
― 𝛼0 = 7.32·10 ―6°𝐶 ―1 (11)

This value is larger than those reported in the literature [14], but is smaller than the experimental result 

described in [21]. Therefore, it seems compatible with the state-of-the-art, although it confirms the strong 

dependency on the fibre layout and production. 

To express the temperature sensitivity as in Eq.(3), the reference Bragg wavelength was set at the value 

identified by the linear regression at T0 = 30°C. This action makes every measure contributing to the definition 

of the reference wavelength λ0, to be then compared, when several series of experimental measures are 

analysed. The reference wavelength is calculated through Eq.(6) for given temperature T0. A first investigation 

identifies the uncertainty related to the reference wavelength detected by tests:

𝜆0 = 𝜆0 ± 𝑠[𝜆0] (12)

The rounded value of that uncertainty looks valid for all the series of experimental measures:

𝑠[𝜆0] = 1.4·10 ―3𝑛𝑚⇔2·10 ―3𝑛𝑚 (13)

As is shown in Table 4, the reference wavelength λ0 varies significantly, and a variation of 0.04 nm 

corresponds to a temperature difference greater than 3°C. Therefore, in addition to fixing accurately the FBGS, 

it is required calibrating precisely λ0. The smallest temperature variation detected by the FBGS is related to 

coefficient KT. The interrogator measures variations multiple of ∆λmin = 0.0008 nm, corresponding to a 

temperature variation greater than ∆Tmin = 0.0008 /KT = 0.065°C, i.e. greater than the maximum precision 
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which can be reached with the TEC controller, equipped with the PT-100 thermometer. The error distribution 

shown in Fig.6, evaluated considering as exact the measures collected by the PT-100 thermometer, is 

characterized by a mean value, µ =0.00215°C and a variance, σ = 0.2228(°C)2.

FIGURE 6

That standard deviation demonstrates that a difference of up to 0.5°C can exist. This difference is compatible 

with the requirement expressed by the manufacturer, although it seems quite large. It is true that an undesired 

convective flow within the water under heating might occur. By converse, even the resistance thermometer 

temperature can exhibit an error, which was assumed to be null.

5. Technological assessment

The experimental activity allowed defining a procedure for a suitable installation of the FBGS, with fibre 

slightly folded, within a pit. The Polyimide coating increases up to 350°C the temperature limit of the Acrylate 

coating of 150°C. Gluing the sensor is crucial, when applied to the monitored structure, since the thermal 

expansion affects the behaviour of feature and adhesive, and thus modifies coefficient KT. If load and 

temperature are separately measured, the silicone is used to fix the unstressed fibre, while the epoxy resins are 

preferred when even deformation occurs. The sensor calibration operation was even assessed. It can exploit 

the resistance thermometer to correlate the wavelength shift of the FBGS to the temperature change, and the 

Peltier cell can be used to vary the temperature. The calibration starts from a quasi-static test, with a 

temperature rate not exceeding 0.03°C/s, and the temperature sensitivity coefficient, KT,sper , and the reference 

wavelength, λ0,sper , at a reference temperature T0 are found. 

Conclusion

The use of the FBGS in thermal condition monitoring of bearings for the rolling mill is analysed. They 

overcome some problems of accessibility to the mill cage and avoid the risk of electric short-circuit. 

Investigating whether a stable measurement of temperature at the inner ring, within the range 25-70°C, with 

a resolution of 1°C, even in presence of water, coming from water jets, is the aim of this activity. This is 
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strictly connected with a precise characterization of the temperature sensitivity coefficient, KT, of the FBGS. 

A test bench was built up, and used to perform the task, including a Peltier cell controlled in closed-loop with 

a resistance thermometer. The sensor exhibits a linear behaviour, its accuracy and resolution look compatible 

with the application, although the performance is lower than that of a thermometer controlled by the TEC. A 

flexible support in polymer is required, to make stable the contact between fibre and monitored surface. Next 

steps require refining the arrangement of fibre within the pit. Measuring the load applied to back-up bearing 

is even a relevant input for diagnosis and prognosis activities. 
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FIGURES CAPTIONS

Fig.1 Lateral view of the back bearings system with its main elements.

Fig.2 Preliminary experimental set-up for the thermal characterization of sensor performance.

Fig.3 Test about the current absorbed by the Peltier Cell in operation to reach the target temperature.

Fig.4 Experimental set-up with detail of the polymeric AM support used to locate the fibre.

Fig.5 Experimental characteristics of the FBG sensor with data and linear regression curves almost 

superposed. 

Fig.6 Comparison between the measures of the PT-100 thermometer and the FBG sensor and error 

plot.
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TABLES CAPTIONS

Table 1: FBG sensor datasheet

Table 2: Resistance thermometer RSPro PT-100 datasheet

Table 3: Peltier cell TEC1-12706 datasheet, used for the thermal characterization of the FBG sensor.

Table 4: Collection of preliminary experimental results.
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Thermal condition monitoring of large smart bearing through fiber optic sensors

Abstract

The ‘Smart Manufacturing’ applied to steelmaking includes a continuous condition monitoring of the mill 

system, performed by bearings equipped with sensors. They are embedded inside the mill cage, and exposed 

to heat sources. Monitoring their temperature is mandatory. Fibre optics sensors can be exploited. Their 

behaviour is here modelled, and then tested on some prototypes. The fibre optics technology looks suitable 

for this application, provided that a precise sensor calibration is performed. A technological assessment is 

required, to develop the industrial product.

Keywords

Systems engineering, Structural Health Monitoring (SHM), Structural Mechatronics, Smart Bearing, Smart 

Manufacturing.

1. Introduction

The implementation of ‘Smart Manufacturing’ [1] in steelmaking is aimed to perform the rolling mill 

prognosis and diagnosis, to prevent critical failures and undesired marks on the rolled product [2]. The ‘smart 

bearing’, equipped with sensors, is used like a sentry of mill operation [3]. The so–called ‘in–monitoring’ 

identifies the bearing damage and wear, while the ‘out-monitoring’ monitors the mill operation. The 

monitoring activity includes many measurement targets as vibration, load, temperature, and strip or rod speed. 

The temperature is a crucial parameter, since bearings are embedded inside the mill cage, and are exposed to 

a severe heating, which affects the stress distribution, as in many industrial rotors [4]. The thermal control 

based on distributed sensors assures an effective lubrication, and preserves the bearing life. Capacitive MEMS 

sensors embedded in the bearing ring do not look compatible with these working conditions [5], because 

power feeding and communication are inhibited by some saddles (Fig.1).

FIGURE 1
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The current research activity aims to design miniaturized and autonomous bearing sensors [6]. Fibre optics 

sensors are therefore candidate [7]. The presence of a massive pin inside the mill cage allows embedding the 

fibres, and thus the need for wireless sensors and autonomy vanishes, because the FBG sensors are intrinsically 

powered by the light source. The safety against fire and the EMC are assured, since fibres optics are shielded, 

based on the light detection, and electrically isolated. They provide a high bandwidth, high signal to noise 

ratio, multiple sensors per fibre, at a competitive cost [8]. The above mentioned needs motivates the study of 

optical Fibres with Bragg Grating (FBG), to design some bearing sensors to detect the temperature of rings 

[9]. This solution is here investigated and tested, through an experimental characterization of sensors.

2. Requirements and technology

The Fibre Bragg Grating Sensors (FBGS) are applied to the thermal monitoring of the mill cage. They must 

be embedded inside the central pin, and exposed to air, lubricant or water. The goal is measuring the 

temperature of inner ring, which is fixed, while the outer ring rotates. Measurements must be stable in time, 

reliable in terms of precision, repeatability, statistic relevance and sensitivity. The temperature of lubricant 

inside the roller bearing must not exceed 120°C, and a warning must be sent, when it reaches 70°C. The 

preferred measurement resolution is 0.5°C, although 1°C is accepted.

The Bragg grating is a finite region of the fibre optics, in which a periodic variation of the core refractive 

index is applied [10]. This variation acts as a selective mirror, which stops the transmission of light, at a 

specific wavelength [11]. The light is reflected, and propagates backwards to the source, within the fibre core. 

A spectrum analyser detects the light, as an interferometric system. The FBGS provide several advantages, 

although some limitations are still present. They exhibit a very high resistance against corrosion. The signal 

is independent on the distance and on the intensity of light. Each fibre includes several sensors, from ten to 

one hundred, which are operated in parallel, and thus it is compact and allows a redundancy. The FBGS gain 

700°C, because of their coating layers. The cost of interrogators is still high, but it looks compatible with that 

of the rolling mill. The sensor calibration is rather difficult, the radii of curvature of installed optical fibres are 

usually greater than 10 mm, and the sensitivity of sensors is small (Kε = 1÷1.3 nm mm/m).
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3. Sensor development

The size of roller bearings for the mill cage allows creating a dedicated pit within the inner ring, where the 

fibre is deposed and fixed, to measure the local temperature. The wavelength reflected by the Bragg grating, 

λB, complies with so-called Bragg condition:

λ𝐵 =  2𝑛𝑒𝑓𝑓Λ (1)

where Λ is the grating pitch, i.e. the distance between grating targets, and neff is the effective refractive index 

of the propagation mode. It is similar to the refractive index, but it is evaluated for the wave propagating inside 

transversely limited media, as [10]:

𝑛𝑒𝑓𝑓𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 + (1.1428 ―
0.996

𝑣 )
2

∆𝑛 (2)

where Δn = ncore−ncladding, and ν is a function of Δn and of the wavelength λ of light. Several agents applied to 

the sensor, as strain, temperature and pressure, change B, and their effect is related to the peek shift in the 

sensor response spectrum. A typical FBGS has a length of a few millimetres, a reflected bandwidth lower than 

1nm and might achieve the 100% reflection of the peak luminous intensity [12]. When the FBGS undergoes 

only a temperature change ΔT, the related wavelength shift ΔT can be expressed as [1]:

∆λ𝑇 = λ𝐵(𝛼0 + 𝛽0)Δ𝑇 = 𝐾𝑇Δ𝑇 (3)

where α0 is the thermal expansion coefficient of the fibre, β0 is the thermo-optic coefficient and KT is referred 

to as temperature sensitivity coefficient. Typical values for silica optical fibres are α0 = 0.55·10−6 (◦C)−1 and 

β0 = 6.6·10−6 (◦C)−1. The linear relation of Eq.(3) is only valid within a certain range of temperature (T< 

100◦C), while for higher temperatures a nonlinear formulation must be used [13]:

β0 =
1
𝑛0

𝑑𝑛𝑒𝑓𝑓

𝑑𝑇 = 5.327·10 ―6 +  9.546·10 ―9 T ― 4.173·10 ―12T2 (4)

Some experimental tests demonstrate Eq.(4) underestimates the real coefficients [14-15]. It is relevant that neff 

changes significantly with the fibre characteristics, even when changes are very small. This is a critical issue 

for the design, and needs to be precisely characterized.
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4. Experimental set-up

To identify the temperature sensitivity coefficients, KT, some prototypes of FBGS (properties in Table 1) were 

set up in a test bench including a resistance thermometer PT-100 (properties in Table 2) and a Peltier cell 

controlled by a Thermo-Electric Controller Meerstetter TEC-1091. The Peltier cell simulates the heating 

process in operation, by means of a PID (proportional–integral–derivative) controller regulating the intensity 

of feeding current.

TABLE 1

TABLE 2

The controller TEC–1091 calculates the Peltier command input u(t) as a function of the error e(t):

𝑢(𝑡) = 𝐾𝑃(𝑒(𝑡) +
1
𝑇𝑖∫

𝑡

0
𝑒(𝜏)𝑑𝜏 + 𝑇𝑑

𝑑𝑒(𝑡)
𝑑𝑡 ) (5)

where e(t) is the difference between the target temperature and that measured by the PT-100), Kp the 

proportional gain, Ti the integration time, Td the derivative time, being defined by the user. The characteristic 

time of evolution of thermal behaviour motivated the selection of parameters, with Td almost null, Kp set by 

the “Auto-Tuning” function available inside the TEC controller, with a mean value of Kp = 30% °C-1, and Ti 

= 30 s to 300 s, depending on the speed required to adjust the regulation. The interrogator Smart Scan 

Interrogator (Smart Fibers®) performs the measurement of wavelength changes, ΔλB, as temperature varies. 

It is able to handle four fibres simultaneously, each one with up to 16 FBG sensors installed, managed by the 

Wavelength Division Multiplexing Method.

To uniformly heat the FBGS, a first test bench, consisting of a pair of plates that lock a Peltier cell keeping it 

in contact with the optical sensor, was developed (Fig.2). 

FIGURE 2

This system looks sensitive to slight changes of the tightening torque applied to bolts. The locking system 

does not allow the fibre expanding along its transversal direction, therefore an error might occur on the 

longitudinal strain, which causes a variation, ∆λε, being rather difficult to be measured. The fibres are bonded 

on the surface of support, through a silicon layer, sufficiently far to avoid any interference. The temperature 

sensed by the thermometer PT-100 and the output current of Peltier cell are both observed. The target 
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temperature in this test bench is achieved fairly fast, but the electric current decreases, during the first ten 

minutes, and then it is stabilized (Fig.3).

FIGURE 3

A second layout was developed, to minimize the contact between the Peltier cell and the thermometer. In this 

layout the thermometer is submerged into water and placed near the fibre optic sensor. It can be noticed that 

in the real system submerging the fibre within the lubricant of bearings or into the water used to feed the water 

jets is possible. A more powerful Peltier cell was even used, with a larger heating surface (Table 3). 

Experiments performed with this second test bench show an improvement of the current fed by the TEC 

controller and of current absorption. 

TABLE 3

A new structure made by additive manufacturing in thermoplastic polymer, with a melting temperature of 

70÷75°C, was built up to suitably locate the FBGS inside water heated by the Peltier cell. The support is 

compliant and adaptable to the frame vibration. It applies even a slight damping on the fibre (Fig.4).

FIGURE 4

5. Experimental tests

To identify the temperature sensitivity coefficient of the FBGS with Polyimide coating, a first set of 

experimental tests was performed between 30°C and 60°C, to simulate the regular behaviour of rolling mill, 

and other tests were carried out at a higher temperature, close to the melting of the AM support. The TEC 

Software controlled the Peltier cell, with a temperature rate of 0.02°C/s, i.e. practically in steady state response. 

Results are shown in Table 4. A set of ten temperature measurements was recorded by the PT-100, whose 

calibration was certified, and a linear regression was calculated by means of the Ordinary Least Squares 

Method:

{𝜆𝑖} = 𝐾𝑇{𝑇𝑖} + 𝑎 (6)

where a is the absolute wavelength of the linear regression for a temperature of T = 0°C .

TABLE 4
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The coefficient of determination R2 that checks the model consistency with observed outcomes is found as:

𝑅2 =
∑𝑛

𝑖 = 1(𝜆𝑖 ― 𝜆)2

∑𝑛
𝑖 = 1(𝜆𝑖 ― 𝜆)2

(7)

where λi are the experimental data,  their mean value, and  values estimated by the linear regression. The 𝜆 𝜆𝑖

significance of the linear regression coefficients was evaluated as in case of experimental results affected by 

uncertainty, through the Monte Carlo method [16-17]. The absolute errors, represented by the standard 

deviation s of measured variables, were found:

𝑠[𝜆𝑖] = 8·10 ―4𝑛𝑚

𝑠[𝑇𝑖] = 10 ―2°𝐶
(8)

Exploiting those values, for each measurement series, some vectors of independent random data were created, 

i.e. the data were randomly picked inside the range of variation defined by the standard deviation of direct 

measures, and for every one the linear regression was calculated. The range of variation of coefficients KT and 

a was estimated by their standard deviation and rounded:

𝑠[𝐾𝑇] = 10 ―5𝑛𝑚/°𝐶

𝑠[𝑎] = 10 ―3𝑛𝑚
(9)

i.e. it is possible evaluating the temperature sensitivity coefficient, KT, with a precision of 4 digits, in nm/°C, 

and the constant a, of 2 digits. The relation between  and T looks appreciably linear, i.e. coefficient of 

determination is close to one, as in [18] (Fig.5). 

FIGURE 5

The temperature sensitivity coefficient detected during tests looks coherent with the theoretical values found 

in the literature [12], [14], [19], [20]. The small variance of results demonstrates their accuracy, in case of 

unloaded fibre and free thermal expansion: 

𝐾𝑇 =
1
𝑁

10

∑
𝑖 = 1

𝐾𝑇𝑖 = 0.01232 𝑛𝑚/°𝐶 (10)
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𝜎2
𝐾𝑇 =

1
𝑁

10

∑
𝑖 = 1

(𝐾𝑇𝑖 ― 𝐾𝑇)2 = 3.661·10 ―8(𝑛𝑚
°𝐶 )2

A good calibration allows keeping the error for the temperature sensitivity coefficient within 5%. The thermo-

optic coefficient of fibre was also calculated, starting from Eq.(3):

𝛽0𝑒𝑥𝑝 =
𝐾𝑇

𝜆𝐵
― 𝛼0 = 7.32·10 ―6°𝐶 ―1 (11)

This value is larger than those reported in the literature [14], but is smaller than the experimental result 

described in [21]. Therefore, it seems compatible with the state-of-the-art, although it confirms the strong 

dependency on the fibre layout and production. 

To express the temperature sensitivity as in Eq.(3), the reference Bragg wavelength was set at the value 

identified by the linear regression at T0 = 30°C. This action makes every measure contributing to the definition 

of the reference wavelength λ0, to be then compared, when several series of experimental measures are 

analysed. The reference wavelength is calculated through Eq.(6) for given temperature T0. A first investigation 

identifies the uncertainty related to the reference wavelength detected by tests:

𝜆0 = 𝜆0 ± 𝑠[𝜆0] (12)

The rounded value of that uncertainty looks valid for all the series of experimental measures:

𝑠[𝜆0] = 1.4·10 ―3𝑛𝑚⇔2·10 ―3𝑛𝑚 (13)

As is shown in Table 4, the reference wavelength λ0 varies significantly, and a variation of 0.04 nm 

corresponds to a temperature difference greater than 3°C. Therefore, in addition to fixing accurately the FBGS, 

it is required calibrating precisely λ0. The smallest temperature variation detected by the FBGS is related to 

coefficient KT. The interrogator measures variations multiple of ∆λmin = 0.0008 nm, corresponding to a 

temperature variation greater than ∆Tmin = 0.0008 /KT = 0.065°C, i.e. greater than the maximum precision 

which can be reached with the TEC controller, equipped with the PT-100 thermometer. The error distribution 

shown in Fig.6, evaluated considering as exact the measures collected by the PT-100 thermometer, is 

characterized by a mean value, µ =0.00215°C and a variance, σ = 0.2228(°C)2.

FIGURE 6
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That standard deviation demonstrates that a difference of up to 0.5°C can exist. This difference is compatible 

with the requirement expressed by the manufacturer, although it seems quite large. It is true that an undesired 

convective flow within the water under heating might occur. By converse, even the resistance thermometer 

temperature can exhibit an error, which was assumed to be null.

5. Technological assessment

The experimental activity allowed defining a procedure for a suitable installation of the FBGS, with fibre 

slightly folded, within a pit. The Polyimide coating increases up to 350°C the temperature limit of the Acrylate 

coating of 150°C. Gluing the sensor is crucial, when applied to the monitored structure, since the thermal 

expansion affects the behaviour of feature and adhesive, and thus modifies coefficient KT. If load and 

temperature are separately measured, the silicone is used to fix the unstressed fibre, while the epoxy resins are 

preferred when even deformation occurs. The sensor calibration operation was even assessed. It can exploit 

the resistance thermometer to correlate the wavelength shift of the FBGS to the temperature change, and the 

Peltier cell can be used to vary the temperature. The calibration starts from a quasi-static test, with a 

temperature rate not exceeding 0.03°C/s, and the temperature sensitivity coefficient, KT,sper , and the reference 

wavelength, λ0,sper , at a reference temperature T0 are found. 

Conclusion

The use of the FBGS in thermal condition monitoring of bearings for the rolling mill is analysed. They 

overcome some problems of accessibility to the mill cage and avoid the risk of electric short-circuit. 

Investigating whether a stable measurement of temperature at the inner ring, within the range 25-70°C, with 

a resolution of 1°C, even in presence of water, coming from water jets, is the aim of this activity. This is 

strictly connected with a precise characterization of the temperature sensitivity coefficient, KT, of the FBGS. 

A test bench was built up, and used to perform the task, including a Peltier cell controlled in closed-loop with 

a resistance thermometer. The sensor exhibits a linear behaviour, its accuracy and resolution look compatible 

with the application, although the performance is lower than that of a thermometer controlled by the TEC. A 
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flexible support in polymer is required, to make stable the contact between fibre and monitored surface. Next 

steps require refining the arrangement of fibre within the pit. Measuring the load applied to back-up bearing 

is even a relevant input for diagnosis and prognosis activities. 
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